Abstract: Despite unique and fascinating capability in subwavelength optics, active control of optical plasmon resonance has been hampered by drastically weak optical response of free carriers at optical frequency. We demonstrate efficient control of optical plasmon resonance in gold nanorod with graphene by electrical gating. We report electrical controlled plasmonic resonance at near-infrared using the hybrid graphene-gold nanorod structure. Although graphene is only a single atom thick, its effect on gold nanorod plasmon is remarkably strong: Electrical gating of graphene efficiently modulates all aspects of the plasmon resonance, including a 20 meV shift of resonance frequency, a 30% increase in quality factor, and a 30% increase in resonance scattering intensity. The plasmon resonance frequency shift and the resonance quality factor increase can be attributed to, respectively, changes in the real and imaginary part of the graphene dielectric constant upon electrical gating. Our analysis further shows that surprisingly few graphene electrons at the plasmon hot spots contribute to a large fraction of the plasmon modulation, with each additional electron changing the plasmon scattering intensity by about one thousandth. Such hybrid graphene-nanometallic structure provides a powerful way for electrical control of plasmon resonances at optical frequencies and could enable novel plasmonic sensing down to single charge transfer events.
We report electrical controlled plasmonic resonance at near-infrared using the hybrid graphene-gold nanorod structure. Although graphene is only a single atom thick, its effect on gold nanorod plasmon is remarkably strong: Electrical gating of graphene efficiently modulates all aspects of the plasmon resonance, including a 20 meV shift of resonance frequency, a 30% increase in quality factor, and a 30% increase in resonance scattering intensity. The plasmon resonance frequency shift and the resonance quality factor increase can be attributed to, respectively, changes in the real and imaginary part of the graphene dielectric constant upon electrical gating. Our analysis further shows that surprisingly few graphene electrons at the plasmon hot spots contribute to a large fraction of the plasmon modulation, with each additional electron changing the plasmon scattering intensity by about one thousandth. Such hybrid graphene-nanometallic structure provides a powerful way for electrical control of plasmon resonances at optical frequencies and could enable novel plasmonic sensing down to single charge transfer events.
Chemically synthesized gold nanorods are spin-coated on a glass substrate. The gold nanorods have a mean diameter of 25 nm and length of 200 nm, with a plasmon resonance energy at 860 nm on glass substrates. Graphene grown by CVD method is transferred on gold nanorods. Figure 1a shows a typical high-resolution scanning electron micrograph (SEM) of the single gold nanorod covered by graphene in our devices. For electrical gating of graphene, we use top electrolyte gating with ionic liquid (Figure 1b) . The consequent changes in plasmon resonance of individual graphene-nanorod hybrid structures were probed with dark-field Rayleigh scattering spectroscopy. Figure 1c displays two representative single-particle Rayleigh scattering spectra of an ungated graphene-nanorod hybrid structure and a bare gold nanorod, respectively. Both scattering spectra exhibit prominent resonances at 0.86 eV (i.e. at the telecom wavelength of 1.5 um). However, the plasmon resonance of the graphene-nanorod hybrid is much broader, with a full-width-half-maximum (fwhm), at 93 meV (compared to 70 meV in a bard gold nanorod). This large change in linewidth results from remarkably strong interband optical absorption of graphene at optical frequency, which provides an efficient dissipation channel and increases the damping rate of the surface plasmon oscillation. To modulate quality factor and scattering intensity of the plasmon resonance, one can simply eliminate dissipation channel in graphene by switching off its interband optical transitions (Figure 1d ). This can be achieved through electrostatic gating of graphene. 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America Rayleigh scattering spectra from individual graphene-nanorod hybrid structure are displayed at different gate voltages, V g = 0.5, -0.1, -0.9, and -1.5V (Fig. 2a) . It clearly demonstrates the capability to modulate surface plasmon resonance through electrical gating. The detailed dependence of plasmon resonance energy (E R ), width ( R ), and peak intensity (I P ) on graphene are shown in Figure 2b -d. The resonance width in Fig. 2c displays a step-like decrease, corresponding to an increase in quality factor, with increasing . This is a direct consequence of blocked graphene optical absorption in highly doped graphene, which leads to a reduced g '' in graphene and lower loss. The increased quality factor naturally leads to a higher scattering intensity at the plasmon resonance, as shown in Fig. 2d . The plasmon resonance frequency exhibits an unusual behavior (Fig. 2b) : it shifts to lower energy, and then to higher energy, with increased graphene doping. This behavior can be accounted for by gate-induced change in the real part of dielectric constant ( g ' ) of graphene. We found that the frequency shift and width increase of the plasmon resonance scale linearly the gate-dependent g ' and of g '' graphene. Our simple model reproduces nicely the significant gate-induced decrease of plasmon resonance width (i.e. higher quality factor), as well as the red and blue shifts of the plasmon resonance energy. Our numerical simulation result [1] shows that electrical gating of graphene leads to a modulation of plasmon resonance quality factor by 28%, which agrees well with our experimental observation. Interestingly, a significant portion of this change arises from the hot spots at the two ends of the gold nanorods due to strongly enhanced electric field therein: Our simulation [1] shows that integrated intensity of the in-plane field within the hot spots (defined by two 20 nm x 20 nm area) constitutes 14% of integrated in-plane intensity overall the whole horizontal plane. It suggests that the small area of graphene at the hot spots 4% increase in plasmon scattering intensity (i.e., 14% of total changes). This response arises from only ~60 gate-induced electrons within the hot spot area given that a carrier concentration variation of 8*10 12 /cm 2 is needed to shift the Fermi energy from 0.4 to 0.5 eV and block interband transition in graphene. Therefore the addition of a single electron at the plasmonic hot spot, such as from charge transfer, can modify nanorod scattering by about 0.7*10 -3 . In comparison, the shot noise limited detection sensitivity is about for nanorod plasmon scattering with focused 1 mW laser excitation. It suggests that even a single electron can have a potentially observable effect on gold nanorod plasmon scattering. This extremely strong interaction between graphene and plasmon resonance can enable the detection of individual single charge transfer event at the plasmonic hot spot.
In conclusion, we demonstrate efficient electrical modulation of plasmon resonance at optical frequencies utilizing the strong and tunable interband transitions in graphene. It not only allows for in-situ control of optical light at subwavelength scale, but also offers new opportunities for single charge and molecular sensing. Our study also raises an interesting question: what is the optimal plasmonic structure for the maximized interaction between graphene and the plasmonic resonance? Such optimized structure is like to have much enhanced plasmon modulation based on electrical gating of graphene, and will pave the way for new kind of plasmonic applications. 
